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(54) Transparent conductive film of thln-fllm solar cell and method for producing the transparent 
conductive f Dm 


(57) Transparent conductive ZnO films are formed 
at a high rate; are equal in performance to those formed 
by MOCVD and have a large area, while the influence of 
sputtering bombardment is reduced. A method for pro- 
ducing transparent conductive ZnO fHms is used to pro- 
duce the window layer of a CK3S thhvfibn solar cell. A 
first conductive fftm functioning as an interface-protec- 


tive film is formed on a high-resistance buffer (irrterfa- 
tiaT) layer by low-output (100 W or lower) RF sputtering 
using a ZnO target while reducing sputtering bombard- 
ment Second and third conductive films for the window 
layer are then formed by DC magnetron sputtering in 
steps using a ZnO-AI target in each step. 
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Description 

FIELD OF THE INVENTION 

5 The present invention relates to transparent conductive films for use as the window layer of a CIGS thin-film solar 
cell and to a method for producing the transparent conductive films. 

BACKGROUND OF THE INVENTION 

10 Transparent conductive films for use as the window layer of a CIGS (copper indium gallium diselenide) thin-film 
solar cell should have n-type conductivity. The performance characteristics which these transparent conductive films 
are required to have include the following: 

(1) a low resistivity, because of the use thereof as an upper electrode (the sheet resistance thereof is theoretically 
is as low as possible, desirably 10 Ota or lower); 

(2) a high transmittance, because of the function thereof as a window layer through which incident light should pass 
(the transmittance thereof is deairabty 90% or higher (at 800 nm)); and 

(3) avoiding impairment of junction characteristics, because the CIGS thirv-fflm solar cell has a stacked structure 

20 Processes for producing zinc oxide (ZnO) for use as such transparent conductive film include the metal organic 
chemical vapor deposition method (MOCVD) and sputtering. Features of each method are shewn below. 
The advantages of MOCVD include the following. 

(1) ft is possible to form a transparent conductive film having any desired resistivity by regulating the amount of a 
25 dopant at low substrate temperature which mutual diffusion of each constituent of a CIGS thin-f dm solar cell is hard 

to occur. 

(2) Since MOCVD is a technique of depositing a transparent conductive film based on a chemical reaction, a hard 
zinc oxide (ZnO) fflm can be deposited under mild conditions without damaging the soft light absorbing layer of a 
CIGS solar ceil. 

30 (3) By regulating its surface roughness, the transparent conductive f Bm can be made to have a surface texture 
which produces a light trapping effect, and thus is expected to partly function as an antiref lection film. 

The disadvantages of MOCVD include the following. 

35 (1) ft is inrjx>ssixe to independently contr^ resistivity of a transparent conductive film (the 

optimal values thereof are a compromise between the two properties). 

(2) It is necessary to heat the substrate to accelerate the chemical reaction, and the resulting thermal stress causes 
the substrate to suffer elastic deformation, which in turn is apt to cause troubles including film peeling and genera- 
tion of defects. 

40 (3) A layer having high resistance deposits in the initial stage of the formation of a transparent conductive film of 
zinc oxide (ZnO), so that the fflm finally obtained cannot have low resistance throughout the whole thickness. 

(4) Since the deposition of a transparent conductive fflm is based on a chemical reaction, the film production require 
a significant count of time (for instance, the deposition of a ZnO film with a thickness of 2 um requires about 1 hour 
depending on the size of apparatus for this purpose). 

45 (5) Since the production equipment includes a batch reactor, the method has poor production efficiency in industrial 
production. 

(6) In producing a large-area thin-film solar ceO, it is difficult to attain good reproducttlity in regard to evenness of 
substrate temperature and evenness of feedstock gas flow. 

so Conventional methods of sputtering for forming a transparent conductive film include RF sputtering and DC sput- 
tering. Specifically, a transparent conductive ZnO film has been formed by RF or DC sputtering on a heated substrate 
in one step using an argon gas or O^Ar mixed gas as a sputtering gas and using a ZnO-AI target or the like as the only 
target 

Few examples have boon reported on the fabrication of a CIGS thin-film solar cell using DC sputtering. All the high- 
55 performance window layers obtained by sputtering have been films deposited by RF sputtering using a target of ZnO- 
AI or the like However, the rate of film deposition by RF sputtering is low and is almost the same as that by MOCVD. 
Features of DC magnetron sputtering are shown below. 
The advantages thereof include the following. 
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(1) Since DC magnetron sputtering is an established technique for forming a large-area thin film, it is advantageous 
in producing a large-area thin-film solar cell. 

(2) High-speed formation of a transparent conductive fflm is possible, and a high production efficiency is attainable 
in industrial production. 

(3) Resistivity can be regulated by regulating the content of an alloying element, ag., aluminum, in a ZnO target, 
so that it is possible to form a transparent conductive ZnO film having a thickness reduced to 1/2 to 2/3 of those of 
the transparent conductive ZnO films formed by MOCVD. 

(4) Since a transparent conductive film can be formed in a short time period, the substrate is less apt to suffer defor- 
mation by thermal stress, and the film peeling caused by substrate deformation is less apt to occur. Further, the 
substrate need not be heated. Accordingly, it is possible to deposit transparent conductive ZnO films without heat- 
ing a substrate. 

(5) A homogeneous fflm can be deposited from the initial stage of the formation of a transparent conductive ZnO 
film. 

(6) It is possible to deposit a transparent conductive ZnO fflm having a regulated resistivity value by utilizing a reac- 
tive sputtering method using a target of zinc metal or a target of an alley of zinc with aluminum or any of other var- 
ious dopants (boron, indium, etc.) and using an oxygen mixture gas. 

The disadvantages of DC magnetron sputtering include the following. 

(1) Formation of a transparent conductive ZnO film comparable in performance to those formed by MOCVD is dif- 
ficult with any known DC magnetron sputtering technique. 

(2) DC magnetron sputtering uses a higher energy density than RF sputtering, so that the junction interface or the 
light absorbing layer surface is apt to be damaged. 

(3) Since the concentration of an alloying element for resistance regulation in the target is constant throughout the 
target resistivity cannot be freely regulated. (However, resistivity regulation in a narrow range is possible by incor- 
porating oxygen into the sputtering gas.) In order to reduce the resistivity increasing the concentration of an alloying 
element in the target, the transparency of a ZnO film is significantly degraded and functionally insufficient as a win- 
dow layer of a CK3S thirvfflm solar cell. 

(4) It is impossfote to form a transparent conductive film having a surface texture with controlled roughness when 
the sputtering is conducted at a substrate temperature within the range in which a high-performance CIGS thin-film 
solar sell can be produced. 

I n Figs. 3 (a) and (b) are shown the results of a comparison in cell properties between solar cells employing a trans- 
parent conductive ZnO film formed by DC magnetron sputtering (indicated by the symbol O) and solar cells employing 
a transparent conductive ZnO film formed by MOCVD (indicated by the symbol •). 

Whether a transparent conductive ZnO fflm is satisfactory or not can be judged by evaluating, among various solar 
cell properties, the series resistance of the film itself based on short-circuit current density (J^ and by evaluating the 
influence of the light absorbing layer surface or junction interface on the junction characteristics, of the interface based 
on the fill factor (FF), which is a measure of interfaciaJ junction characteristics in solar cells. 

From the results given in Figs. 3 (a) and (b). it was found that the solar cells employing a transparent conductive 
ZnO fflm formed by DC magnetron sputtering had lower values of both short-circuit current density (J^ and ffll factor 
(FF). It should be noted that the above transparent conductive ZnO fflm is one formed by DC magnetron sputtering 
using a single ZnO-AI target and is a film for use as a single-layer window layer. 

The above results show that since the single-layer transparent conductive ZnO film formed by DC magnetron sput- 
tering has a high content of components which contribute to the series resistance of the film, the short-circuit current 
density ( JqJ and fill factor (FF) and low. Due to the plasma damage by DC magnetron sputtering, the junction charac- 
teristics are impaired. Namely, since DC magnetron sputtering uses a high energy density, it has drawbacks that the 
transparent conductive tim formed has a high content of components contributing to recombination and that there is a 
fear of causing damage to the junction interface or to the light absorbing layer surface, although the sputtering tech- 
nique is capable of high-speed film formation. 

SUMMARY OF THE INVENTION 

The present invention has been achieved in order to eliminate the problems described above. An object of the 
present invention is to form, at a high rate, a large-area transparent conductive ZnO film equal in performance to the 
transparent conductive ZnO film formed by MOCVD, while diminishing the influence of sputtering bombardment 

The present invention provides: 
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transparent conductive films of a thin-fflm solar cefl comprising a metal back electrode layer having formed thereon 
in this order a CIGS (copper indium gallium diseiensde) light absorbing layer (p-type), an interfacial layer (buffer 
layer), a window layer (rvtype) , and an upper electrode, the window layer being constituted of the transparent con- 
ductive films, which have a stacked structure comprising a first transparent conductive film formed on the interfacial 
5 layer and functioning as an interface-protective film, a second transparent conductive film formed on the first trans- 
parent conductive fflm, and a third transparent conductive fflm formed on the second transparent conductive film; 
the transparent conductive films of a thin-film solar cell as described above, wherein the first transparent conductive 
film comprises intrinsic ZnO and has a thickness of 50 nm or smaller; 

the transparent conductive fflms of a thin-fflm solar cell as described above, wherein the second transparent con- 
10 ductive fflm and the third transparent conductive fflm each comprises aluminum doped ZnO; 

a method for producing transparent conductive fflms of a thin-film solar cell comprising a metal back electrode layer 
having formed thereon in this order a CIGS light absorbing layer (p-type), an interfacial layer (buffer layer), a win- 
dow layer (rvtype). and an upper electrode, the method comprising the steps of: forming a first transparent conduc- 
tive fflm (functioning as an interface-protective film) on the interfacial layer by RF magnetron sputtering; forming a 
15 second transparent conductive fflm on the first transparent conductive film by DC magnetron sputtering; and form- 
ing a third transparent conductive fflm on the second transparent conductive film by DC magnetron sputtering; 
the method for producing transparent conductive films of a thin-film solar ceil as described above, wherein the RF 
magnetron sputtering is conducted using a ZnO target at a low output to form a transparent conductive ZnO film; 
and 

20 the method for producing transparent conductive fams of a thin-film solar call as described above, wherein the DC 
magnetron sputtering is conducted using a ZnO-AI target to form a transparent conductive ZnO-AI film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Fig. 1 is a disgrammatic view illustrating the constitution of a CIGS thin-film solar call employing transparent con- 
ductive ZnO fflms formed by the method of the present invention; 

Fig. 2 is a diagrammatic view illustrating the constitution of on apparatus for use in practicing the method of the 
present invention; 

Fig. 3 is a graphical presentation illustrating a comparison in cell properties between solar cells employing trans- 
so parent conductive ZnO films formed by DC magnetron sputtering and solar ceils employing a transparent conduc- 
tive ZnO film formed by MOCVD; "(a)" shows a comparison in short-circuit current density J^, and "(b)" shows a 
comparison in fill factor FF; and 

Fig. 4 is a graphical presentation illustrating output characteristic (J-V characteristic) of a CIGS thin-fflm solar cell 
employing transparent conductive ZnO films formed in an embodiment of the present invention under the condi- 
35 Hons shown in Table 3, 

wherein reference numeral 1 designates thirvfflm solar call, 2 substrate, 3 metal back electrode layer, 4 
CIGS light absorbing layer (p-type), 5 interfacial layer (buffer layer), 6 window layer (n-type), (1) first conductive fflm 
frntertace-protectivefflm), (2) second conductive film, (3) third conductive film, 7 upper electrode, I RE sputtering 
part, II first DC sputtering part. III second DC sputtering part, and X substrate member. 

40 

DETAILED DESCRIPTION OF THE INVENTION 

Modes for carrying out the present invention are explained below by reference to the drawings. 

The present invention relates to transparent conductive fflms tor use as a window layer in a thin-fflm solar cell of the 
45 type described above, and to a method for producing the transparent conductive fflms. 

Fig. 1 is a diagrammatic view illustrating the constitution of a CIGS thin-film solar cell employing transparent con- 
ductive films according to the present invention. This thin-fflm solar call 1 in a stacked structure fabricated on a substrate 
2. The stacked structure is constituted of a metal back electrode layer 3, a CIGS light absorbing layer (p-type semicon- 
ductor) 4, a buffer layer (interfacial layer) 5, a window layer 6, and an upper electrode 7 disposed in this order on the 
so substrate 2, and is characterized by the window layer 6, which consists of the transparent conductive films. Specifically, 
the window layer 6 has a stacked structure consisting of a first transparent conductive f ilm ( 1 ) formed on the interfacial 
layer 5 and functioning as a surface-protective layer, a second transparent conductive film (2) formed an the first trans- 
parent conductive film (1), and a third transparent conductive film (3) formed on the second transparent conductive fflm 
(2). 

55 In the CIGS thin-fflm solar cell employing transparent conductive films according to the present invention, the metal 
back electrode layer, the CIGS light absorbing layer, the buffer layer, and the window layer each have a fflm thickness 
of from 5.000 to 15,000 A, from 10.000 to 30.000 A. from 100 to 1,000 A, and from 5,000 to 20.000 A, respectively. 
Fig. 2 diagrammatically shows the constitution of an apparatus for use in practicing the method of the present 
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invention. 

This apparatus comprises an RF sputtering part I, a DC sputtering part II, another DC sputtering part III, and a 
transport means (not shown) for transporting the substrate member X described below, which is the material to be 
treated with sputtering, to these sputtering parts. 

5 The method of the present invention is explained below by reference to Figs. 1 and 2. 

Prior to the formation of a transparent conductive ZnO film with the apparatus shown in Fig. 2, a structure (the 
hatched part in Fig. 1) comprising a substrate 2 having formed thereon a metal back electrode layer 3, a CK3S light 
absorbing layer (p-type semiconductor) 4, and a buffer layer (interfecia] layer) 5 is prepared (this structure is hereinafter 
referred to as "substrate member X"). 

w In the first stop of the method, the substrate member X is introduced into the apparatus and transported to the RF 
sputtering part I thereof, where RF sputtering is conducted using a ZnO target 21 at a low output of 100 W or below. 
Thus, a first conductive film (1) having a thickness of 50 mm or smaller and functioning as an interface-protective film 
is formed on the high-resistance buffer (interfaciaJ) layer 5 of the substrate member X. Since this RF sputtering is con- 
ducted at a low output, the influence of sputtering bombardment is slight. 

is Subsequently, the substrate member X is transported to the first DC sputtering part II in the apparatus, where DC 
sputtering is conducted using a Zn02wt% Al target 22. Thus, a second conductive film (2) is formed on the first con- 
ductive fim (1) on the substrate member X. 

Thereafter, the substrata member X is transported to the second DC sputtering part II I of the apparatus, where DC 
sputtering is conducted using a ZnO-2wt% Al target 23. Thus, a third conductive film (3) is formed on the second con- 

20 ductive fim (2) on the subs trate member X. 

As described above, the formation of transparent conductive ZnO films in the method of the present invention is 
characterized in that RF sputtering and DC sputtering are used in combination, and that the DC sputtering is conducted 
in two steps (namely, the first DC sputtering part II and the second DC sputtering part I II) to treat the substrate member 
X with DC magnetron sputtering using a ZnO-2wt% Al target in each step to thereby form second and third conductive 

25 films (2) and (3). Due to this constitution, each sputtering step can be carried out at a reduced output per target in order 
to match the total thickness of a single layer ZrK>.AI film obtained by DC magnetron sputtering and, as a result, the influ- 
ence of sputtering bombardment is reduced. 

In the RF sputtering part I, first DC sputtering part II, and second DC sputtering part 1 1 1, the transport speed of the 
substrate member X is regulated according to the intended thicknesses of the conductive films (1), (2), and (3) to be 

so formed in the respective sputtering parts, Specifically, the transparent conductive fflm (1) formed by the RF sputtering 
has a film thickness of 500 A or less and a sheet resistance of 1 00 Q/b or higher, and the transparent conductive films 
(2) and, (3) formed by the DC sputtering each has a film thickness of 3,000 to 6,000 A. The film thickness of (2) has to 
be the same as that of (3) and the total thickness of the films formed by the DC sputtering should then be in the range 
of from 5,000 to 1 2,000 A. The sheet resistance of the films formed by the DC sputtering is desirably 20 O/b or lower. 

35 Although DC sputtering was conducted in two stops in the embodiment described above, the number of DC sput- 
tering steps may be increased or reduced if desired. 

When the number of DC sputtering steps is increased such as two steps, the sputtering power per step can be 
reduced as compared to the single DC sputtering, and as a result, the junction interface or the fight absorbing layer sur- 
face can be prevented from damaging by plasma. Further, a light trapping effect by increasing the number of sputtering 

40 steps is expected. 

In the present invention, the RF sputtering is conducted under the following conditions that 

Set power: 10-100 W; 
Gas pressure: 1-10 mTorr; 
45 Target composition: ZnO; and 
Transport speed: 1-15 cm/min. 

In the present invention, the DC sputtering is conducted under the following conditions that: 

so Powder density: 0.5-2.0 kW (currant value 2A); 
Gas pressure: 1-10 mTorr; and 

Target composition: ZnO:AI (Al concentration 1-3 wt%, preferably Al 2 wt%). 

The ZnO window layer 6 formed by sputtering was obtained in two steps by forming a first conductive f 3m (1 ) by RF 
55 sputtering and then forming a second conductive film (2) by DC magnetron sputtering. The conditions shown in Table 
1 were used. 
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Table 1 


Layer number 

Method of film formation 

Output (W) 

Sputtering gas pressure 
(mTorr) 

Transport speed 
(cnVmin) 

| 1 

RF sputtering 

10-20 

1 

6 I 

2 

DC sputtering 

2000 




Another solar cell was produced by a method in which a CIGS light absorbing layer 4 was formed using a galfium- 
20 wt% target (Cu 80%, Ga 20%) and a window layer 6 was formed in three steps by forming a first conductive film, (1) 
by RF sputtering and then forming a second conductive film (2) and a third conductive film (3) by DC magnetron sput- 
tering. The relationship between voltage (V) and current density J (mA/cm 2 ) in this solar cell is shown in Fig. 4. 

The conc&tions used for forming the tflms (1) to (3) are shown in Table 2. 


Table 2 


Layer number 

Method of film formation 

Output (W) 

Sputtering gas pressure 
(mTorr) 

Transport speed 
(cnVmin) 

1 

RF sputtering 

10-20 

1 

6 

2 

DC suttering 

1100 



3 

DC sputtering 

1100 




Rom the properties shown in Fig. 4 of the solar cell employing transparent conductive ZnO films, the following 
results were obtained: 

conversion efficiency Epp 14.1 (%); short-circuit current density 35.2 (mA/cm?); open-circuit voltage V^, 

0. 57 (V); and fffl factor FF f 0.70. 

The above solar cell employing transparent conductive ZnO films formed by sputtering according to the present 
invention attained a conversion efficiency E FF of 14.1 (%), which was almost the same as those of the solar cells 
employing a transparent conductive ZnO film formed by MOCVD. 

As demonstra t ed above, transparent conductive ZnO films which are equal in performance to those formed by 
MOCVD and have a large area can be produced at a high rate while reducing the influence of sputtering bombardment, 
by first forming a part of me transparent c^^ RF magnetron sputtering and then forming 

the remaining part of the fims in two or more steps by DC magnetron sputtering. 

While the invention has been described in detail and with reference to specific embodiments thereof, it will be 
apparent to one skilled in the art that various changes and modifications can be made therein without departing from 
the spirit and scope thereof. 

Claims 

1. A thin-film solar cell comprising a metal back electrode layer having formed thereon in this order a p-type CIGS light 
absorbing layer, an intertaciaJ layer, an rvtype window layer, and an upper electrode, wherein the window layer com- 
prises transparent conductive films which have a sta c ked structure comprising a first transparent conductive film 
formed on the interiacta) layer and serving as an interface-protective fflm, a second transparent conductive fflm 
formed on the first transparent conductive him, and a third transparent conductive film formed on the second trans- 
parent conductive firrt 

2. The thin-tim solar cell as claimed in claim 1 , wherein the first transparent conductive film comprises intrinsic ZnO 
and has a thickness of 50 nm or smaller. 

3. The thin-film solar cell as claimed in claim 1 , wherein the second transparent conductive film and the third trans- 
parent conductive fim each comprises aluminum doped ZnO. 

4. A method for producing a set of transparent conductive films for a thin4ilm solar cell comprising a metal back elec- 
trode layer having formed thereon in this order a p-type CIGS light absorbing layer, an interfacial layer, an n-type 
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window layer, and an upper electrode, said method comprising the steps of: forming a first transparent conductive 
film on the interfecial layer by RF magnetron sputtering to serve as an interface-protective film; forming a second 
transparent conductive f Dm on the first transparent conductive film by DC magnetron sputtering; and forming a third 
transparent conductive fflm on the second transparent conductive film by DC magnetron sputtering. 

5. The method far producing transparent conductive fflms for a thin-film solar cell as claimed in ciaim 4, wherein the 
RF magnetron sputtering is conducted using a ZnO target at an output of 100 W or tower to forma transparent con- 
ductive ZnO film. 


6. The method for producing transparent conductive films for a thin-film solar call as claimed in claim 4, wherein the 
DC magnetron sputtering is conducted using a ZnO- A) target to form a transparent conductive ZnOAJ film. 
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FIG. 3 (a) 


EE): SOLAR CELL HAVING A ZnO WINDOW LAYER 

FORMED BY SPUTTERING 
• : SOLAR CELL HAVING A ZnO WINDOW LAYER 

FORMED BY MOCVD 
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FIG. 4 

J-V CHARACTERISTIC OF SOLAR CELL (3.2cm 2 ) 
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VOLTAGE V (V) 
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